Objective. To evaluate contemporary surgical techniques in the correction of anomalous origin of the left coronary artery from the pulmonary artery. Methods. Eleven infants were operated upon during a ten year period by one surgeon. The anomalous coronary artery arose from the main pulmonary artery in ten and the right pulmonary artery in one patient_ Direct reimplantation used in eight and the intra-pulmonary artery tunnel technique in three. Delayed sternal closure was used in the immediate post-operative period in five patients.
Introduction
Anomalous left coronary artery arising from the pulmonary artery (ALCAPA) is a rare congenital abnormality of the heart and great vessels with an incidence of 0.3% in autopsy series [1] . It was first described in 1886 by Brooks [7] , and latterly by Bland, White and Garland in 1933, who described the clinical and pathological findings [5] . Although initially it was thought that the coronary arteries developed in the pericardium, a ring of "stem" tissue developed around the arterial root [3] . Coronary vessel formation from the peritruncal ring of endothelial cells is due to ingrowth into a vascular wall, normally the aorta [6] . However, it could be postulated that ingrowth can occur in a pulmonary semilunar sinus or even a pulmonary artery; personal communication AC Gittenberger-De-Groot, which hypothesis could explain the protean origin of the aberrant coronary artery.
Patients with ALCAPA usually present in infancy or early childhood with symptoms of congestive heart failure. The diagnosis can be confirmed by echocardiography using colour flow Doppler [13] or angiography. Since there is no place for medical therapy [2, 24] , surgical correction should be attempted. Several surgical techniques have been proposed to treat this condition, however the 'ideal' is to establish a two coronary artery system, restoring physiological coronary artery flow and enhancing the chance of recovery of the myocardium.
This article reviews our clinical experience in a group of 11 patients treated between 1984 and 1995. 
Patients and methods
Eleven children under the age of 1 year with ALCAPA, have undergone surgical treatment at the Royal Brompton Hospital. There were six girls and five boys and the mean age at operation was 4 months (range 2-8 months). The body weights ranged from 3.6 kg to 6.5 kg (mean 4.5 kg). All patients presented in congestive cardiac failure ( Table 1 ). The electrocardiogram (ECG) showed myocardial infarction pattern in all patmnts and the chest X-rays (CXR) showed cardiomegaly. The diagnosis was successfully made in ten patients by echocardiography and angiography was used in addition in six patients. In all, these investigations revealed a dilated left ventricle with poor systolic function. Insignificant mitral valve regurgitation was present in five (Table 1 ). All patients underwent operation through a median sternotomy. Prior to the institution of cardiopulmonary bypass (CPB) the main right and left pulmonary arteries were widely mobilised and separated from their surrounding structures and a patent ductus arteriosus or ligamentum arteriosum was divided. Hypothermic CPB was established using ascending aortic cannulation and a single venous cannula in the right atrium at 15 °C, the circulation was arrested. Cold crystalloid cardioplegia plus topical cooling was used for myocardial preservation. Latterly in five patients the cardioplegic solution has been infused into the ostia of the left coronary artery, after detachment from the pulmonary artery. The cardiopulmonary bypass time ranged from 20 to 122 rain (mean 61 min). The circulatory arrest time ranged from 15 to 46 rain (mean 35 min) ( Table 2) .
After institution of circulatory arrest the aorta was cross-clamped and the main pulmonary artery was transected above the level of the entry of the anomalous coronary artery in ten patients. The origin of the anomalous coronary artery (Fig. 1 ) was in the posterior sinus of the pulmonary valve in five patients, the postero-lateral wall of the pulmonary artery above the sinus in three patients, and in the left posterior wall of the pulmonary artery above the sinus in two patients. In one patient the anomalous artery arose from the undersurface of the right pulmonary artery (Fig. 2) .
A generous button of the pulmonary wall was taken when detaching the coronary artery. A defect was made in the left aspect of the ascending aorta above the pulmonary valve sinus, the precise siting of this being facilitated by a small left incision in the anterior wall of the aorta. Reimplantation of the button into the ascending aorta was then carried out using a continuous suture of 7/0 Prolene. Rarely was it necessary to mobilise the left coronary artery as it entered the myocardium. The pulmonary artery was then reconstructed anterior to the coronary artery, as it ran from the myocardium to the ascending aorta. Wide mobilisation of the pulmonary arteries facilitates the reconstruction of the right ventricular outflow tract, obviating the need for patches. In the one patient where the coronary artery arose from the right pulmonary artery, the anastomosis was made into the right postero-lateral wall of the ascending aorta. In three patients an aorto-pulmonary connection was constructed by means of an intra-arterial tunnel within the pulmonary artery, because it was thought that direct reimplantation was unlikely to succeed.
On re-institution of CPB and releasing the aortic cross-clamp, in all the patients brisk filling of the left coronary artery system was observed. A fall in cardiac output was observed in five patients when an attempt was made to close the median sternotomy and temporary delayed sternal closure was used with good effect.
R e s u l t s
There were no deaths within the period of 30-day hospitalisation. All patients required inotropic support and this was prolonged in two patients. One had paralysis of the left phrenic nerve and the second one finally required cardiac transplantation because of persistent poor myocardial contractility. This patient underwent transplantation 4 months after the reimplantation and then died suddenly out of hospital 2 months after the heart transplant. The cause of death is not known. In two of the three patients in which the intra-pulmonary artery baffle was constructed, right ventricular outflow tract obstruction developed and cardiac catheterisation showed a right ventricular/pulmonary artery gradient of 80 mmHg. In addition, an aortopulmonary fistula was observed in one of them. These two patients required reoperation when the pulmonary artery obstruction was relieved by an enlarging patch. The angiogram performed shows the tunnel created within the pulmonary artery and its potential for causing right ventricle outflow tract obstruction (Fig. 3) . (Fig. 4) was carried out on seven patients and the left coronary artery was well demonstrated. Six of the seven patients revealed normal left ventricular function. Further assessment of left ventricular shortening fraction was measured by echocardiography and showed progressive and serial improvement in most patients. Seven patients are asymptomatic and the remaining three have symptoms and signs suggestive of continuing left ventricular dysfunction (see Table 3 ).
Discussion
The aim of treatment in patients with A L C A P A is to halt the process of myocardial ischaemia and to restore the normal anatomy of the coronary arteries. Following the postnatal fall in pulmonary artery pressure, the flow through the left coronary artery becomes retrograde and is supplied by collateral vessels from the right coronary artery [12] . Although collateral circulation develops between the right and left coronary arteries, this in itself rarely preserves the myocardium, leading to necrosis [19] . Bergis and co-workers [4] have suggested that patients with a large number of intracoronary artery collateral vessels have a higher chance of surviving as this may delay the process of myocardial necrosis.
There has been an evolution of surgical techniques. Sabiston and co-workers [18] , in 1959, first described the ligation of the left coronary artery at its origin. McNamara and El-Said [15] reported an improved exercise capacity in patients who had coronary artery bypass grafting compared with patients who had ligation of the left coronary artery. Cooley, Hallman and Bloodwell [10] reported the establishment of continuity between the aorta and the left coronary artery by means of a graft. Meyer [16] suggested the anastomosis of the left coronary artery to the left subclavian artery, whilst Vigneswaran [23] suggested anastomosis to the right subclavian artery.
More recently Takeuchi [21] reported his technique of constructing a tunnel within the main pulmonary artery, allowing the left coronary artery to communicate with the aorta by means of an aorto-pulmonary window, and we tried this novel technique in three patients. This technique has been complicated by the occurrence of supravalvar pulmonary stenosis, baffle obstruction, aortic regurgitation or coronary artery to pulmonary artery fistula [8, 11, 14, 22] . Our experience would confirm these complications. Our subsequent experience concurs with others that it is probably always possible to carry out direct reimplantation into the aorta. Direct reimplantation of the anomalous left coronary artery to the aorta, as described by Neches [17] , must be the procedure of choice. Familiarity with the techniques used in the arterial switch operation, with the transfer and reimplantation of the coronary arteries, can be helpful in this operation, In addition, this technique has allowed a more anatomical and physiological two coronary artery system than those previously described, with low operative mortality. Recently, Laks [14] has reported a variant of direct reimplantation. Eight patients in our series have undergone direct reimplantation of the left coronary artery into the aorta_ Five of these were recatheterised and a good patency of the anastomosis was observed in all.
We, like others, have noted that it has not always been possible to close the sternum at the end of the operation without depressing cardiac function. We first described our technique of delayed sternal closure [20] when the sternum is splinted and the skin and the chest wall closed_ We used this technique allowing haemodynamic stabilisation in five patients and consider it to be particularly useful in this operation.
In our group of patients five presented with mild mitral valve regurgitation. It deteriorated in only one and there were no important clinical repercussions in any patient.
In a previous study we assessed the recovery of myocardial function. The global left ventricular function showed a dramatic improvement in ejection fraction (median 21.5% before, and median 69_5% after, the operation) and during this same study Carvalho and co-workers [9] assessed left ventricular wall movement, which showed progressive improvement (Fig. 5) .
In conclusion, the establishment of a two coronary artery system to repair the ALCAPA can be performed with low operative mortality_ Although these patients present with severely depressed left ventricular contractility, surprisingly many recover function. However, the follow-up of these patients into adult years has yet to be achieved.
